Inter-specific hybridization may be especially detrimental when one species is extremely rare and the other is abundant owing to the potential for genetic swamping. The Cuban crocodile (Crocodylus rhombifer) is a critically endangered island endemic largely restricted to Zapata Swamp, where it is sympatric with the widespread American crocodile (C. acutus). An on-island, C. rhombifer captive breeding program is underway with the goals of maintaining taxonomic integrity and providing a source of individuals for reintroduction, but its conservation value is limited by lack of genetic information. Here we collected mtDNA haplotypic and nuclear genotypic data from wild and captive C. rhombifer and C. acutus in Cuba to: (1) investigate the degree of inter-specific hybridization in natural (in situ) and captive (ex situ) populations; (2) quantify the extent, distribution and in situ representation of genetic variation ex situ; and (3) reconstruct founder relatedness to inform management. We found high levels of hybridization in the wild (49.1%) and captivity (16.1%), and additional evidence for a cryptic lineage of C. acutus in the Antilles. We detected marginally higher observed heterozygosity and allelic diversity ex situ relative to the wild population, with captive C. rhombifer exhibiting over twice the frequency of private alleles. Although mean relatedness was high in captivity, we identified 37 genetically important individuals that possessed individual mean kinship (MK) values lower than the population MK. Overall, these results will guide long-term conservation management of Cuban crocodiles for maintaining the genetic integrity and viability of this species of high global conservation value.
INTRODUCTION
Interbreeding of genetically differentiated populations, independent of their evolutionary trajectory, has had a key role in the evolution of both animals (Dowling and Secor, 1997) and plants (Stebbins, 1950) . Nevertheless, despite wide recognition of hybridization as part of the evolutionary process mediating adaptation and speciation, it remains an important issue in species conservation. Hybridization caused by human activities has resulted in significant threats to many taxa by both replacement and genetic mixing (Rodriguez et al., 2011) . For that reason, it is generally desirable to implement management practices that avoid anthropogenically driven hybridization with some exceptions (Allendorf et al., 2001) .
Hybridization has been widely reported among members of the genus Crocodylus, both in the wild and in captivity, with several examples primarily due to anthropogenic causes (FitzSimmons et al., 2002; Rodriguez et al., 2011) . From a conservation perspective, hybridization is particularly concerning when one species is extremely rare and the other is more abundant (Rhymer and Simberloff, 1996; Allendorf et al., 2001) . In terms of New World crocodiles, there is evidence of hybridization involving two range-restricted species, the Cuban crocodile (C. rhombifer; Varona, 1966; Weaver et al., 2008; Milián-García et al., 2011 ) and Morelet's crocodile (C. moreletii; Hekkala, 2004; Ray et al., 2004; Cedeño-Vazquez et al., 2008; Rodriguez et al., 2008; Machkour-M'Rabet et al., 2009 ) with overlapping populations of the American crocodile (C. acutus), that is more broadly distributed in North America, South America and the Caribbean (Ramos et al., 2004; Thorbjarnarson et al., 2006) .
Crocodylus rhombifer is endemic to the main island of Cuba, largely restricted to Zapata Swamp (Matanzas Province), where it is sympatric with C. acutus; in most other coastal areas in Cuba, including Birama Swamp, C. acutus is found in allopatry (Soberón, 2009) . A previous study involving captive individuals revealed two distinct mitochondrial DNA (mtDNA) lineages originally characterized as C. rhombifer-α and C. rhombifer-β, with the latter exhibiting C. acutus morphology (Weaver et al., 2008) . The authors proposed that C. rhombifer-β may constitute a previously unidentified lineage of New World
Crocodylus, but suggested that reference samples from wild populations in Cuba were necessary to directly test this hypothesis (Weaver et al., 2008) . A subsequent study involving wild populations of Cuban Crocodylus, including C. rhombifer from Zapata Swamp, an allopatric population of C. acutus in Birama Swamp and exemplars of mainland C. acutus, likewise revealed a split between Cuban C. acutus (equivalent to C. rhombifer-β from Weaver et al., 2008) and mainland C. acutus, both of which were genetically and morphologically distinct from C. rhombifer (Milián-García et al., 2011) . Both of these previous studies also revealed evidence for low levels of hybridization between C. rhombifer and C. acutus in captivity (Weaver et al., 2008) and in the wild (Milián-García et al., 2011 ), yet they were not equipped to explicitly characterize patterns of in situ hybridization and population history within Cuban Crocodylus, as neither included representative samplings of C. rhombifer and C. acutus where their ranges overlap in Zapata Swamp.
The Cuban crocodile is listed as critically endangered (IUCN, 2013) owing to the effects of illegal hunting, habitat modifications, small population size and limited knowledge of species biology. Compounding these issues is the serious potential threat of loss of the Cuban crocodile's genomic identity through hybridization with the American crocodile (Targarona et al., 2008) .
Ex situ management in the form of captive breeding constitutes one important conservation strategy for preserving the genetic identity of this Cuban endemic species. The primary breeding facility is located in Zapata Swamp, originally founded in 1959 with hundreds of individuals of both species (C. rhombifer and C. acutus) caught in the surrounding area. In 1974, the program began focusing on maintaining the genetic identity of C. rhombifer using an arbitrary set of morphological characters to remove suspected C. acutus and C. acutus-C. rhombifer hybrids. To date, the captive breeding program in Zapata Swamp has increased its population to 4086 individuals divided into multiple age categories, including neonates (0-1 years), juveniles (41-6 years), replacement (subadults) and adults.
Although Cuba's in-country captive population in Zapata Swamp is considered the most important source for C. rhombifer, the lack of genetic information is impeding the establishment of effective longterm conservation management plans. In general, there are three genetic issues of special concern in captive breeding programs: (1) loss of genetic variability; (2) inbreeding depression; and (3) adaptation to the captive environment (Lynch and O'Hely, 2001; Frankham et al., 2002) . A fourth genetic threat also applies to C. rhombifer in terms of the potential negative effects of hybridization on genomic and taxonomic integrity. To date, the degree of hybridization that has Figure 1 Sampling of C. rhombifer and C. acutus, including specific localities within Cuba. Sites within Zapata Swamp (inset) are indicated by black circles, while Birama Swamp is shown with a black star. Sampling localities in Zapata Swamp are as follows: Breeding Farm (BF), Estamento (ES), Maneadero (MN), Punta Arena (PA), Zanja del 9 (Z9), Zanja del 10 (Z10), Zona del Brigadista (ZB), and Zona Novo (ZN). occurred in the Zapata Swamp captive population has not been evaluated.
Given the critically endangered listing of C. rhombifer (IUCN, 2013), a more thorough understanding of population history and in situ hybridization with C. acutus is necessary for fully evaluating the status and informing recovery. In addition, the Zapata Swamp captive population represents an important hedge against extinction, yet the lack of genetic management may further undermine future conservation goals. Here we used mtDNA haplotypic and microsatellite genotypic data to: (1) investigate patterns of hybridization and introgression between C. rhombifer and C. acutus both in the wild and captivity; (2) assess the degree to which captive C. rhombifer is representative of the gene pool of the extant wild population; and (3) estimate levels of relatedness and inbreeding among C. rhombifer breeders to inform management recommendations based on a strategy of minimizing mean kinship (MK). Table  S1 ). Each sample consisted of a piece of scale clipped from the animal's tail. Individuals were morphologically classified as C. rhombifer, C. acutus or as suspected hybrids based on 26 external characters (Ramos Targarona, 2013) .
MATERIALS AND METHODS Sampling
Samples from the wild were taken from adults, sub-adults and neonates from different nests to avoid underestimation of genetic variability. Individuals sampled in the wild Zapata Swamp population were morphologically classified as C. rhombifer (n = 42), C. acutus (n = 14) or suspected hybrids (n = 11) as described above and distributed across seven collecting sites (Estamento, Maneadero, Punta Arena, Zona del Brigadista, Zanja del 9, Zanja del 10 and Zona Novo; Figure 1 ; Supplementary Table S1 ). The 23 samples from Birama Swamp were all wild C. acutus from the Wildlife Refuge Monte Cabaniguán, where they are allopatric relative to C. rhombifer (Figure 1 ). Precise geographic coordinates were withheld to protect these threatened wild populations. Regarding the ex situ population, only adults and sub-adults were included. All samples were collected and transported in accordance with an agreement established between the Faculty of Biology at the University of Havana and the National Enterprise for the Protection of Flora and Fauna in Cuba and CITES permits C0001166 and C0001455.
DNA extraction, sequencing and genotyping
Total DNA was isolated from ethanol-preserved tail scale tissue using the NucleoSpin kit for DNA extraction (Macherey-Nagel, Düren, Germany) following the manufacturer's instructions. A~458-base-pair segment of the mitochondrial genome (mtDNA), including the tRNA Pro -tRNA Phe -D-loop region was amplified as a single fragment for all wild individuals (n = 90) using primers drL15459 (5′-AGGAAAGCGCTGGCCTTGTAA-3′) and CR2HA (5′-GGGGCCACTAAAAACTGGGGGGA-3′) (Weaver et al., 2008) . PCRs were carried out on an ABI Veriti thermal cycler in 25 μl reactions, containing: 20-50 ng of DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 μM dNTPs, 0.5 μM of each primer and 0.5 U of AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA). Cycling conditions were as follows: 94°C (2 min), 33 cycles of 94°C (30 s), 58°C (30 s), 72°C (45 s), and a final extension of 72°C (7 min). All PCR products were purified by ExoSAP-IT (USB Products, Santa Clara, CA, USA) and sequenced using an ABI 3130XL Genetic Analyzer (Applied Biosystems).
All samples were genotyped at nine polymorphic microsatellite loci (Cj16, Cj18, Cj20, Cj35, Cj109, Cj119, Cj127, Cj131, CU5-123) using published primers (FitzSimmons et al., 2000; Dever and Densmore, 2001 ). All forward primers were 5′-tailed with an M13 sequence (5′-TCCCAGTCACGACGT-3′) to facilitate automated genotyping. Specifically, the M13-tailed forward primer was used in combination with an M13 primer of the same sequence 5′-labeled with one of four fluorescent dyes (6-FAM, VIC, NED, PET), effectively incorporating the label into the resulting PCR amplicon (Schuelke, 2000) . In addition, reverse primers were modified following Brownstein et al., (1996) to improve genotyping. All PCRs were carried out on an ABI Veriti thermal cycler in 12.5 μl reactions containing:~20-50 ng of DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 μM dNTPs, 0.08 μM of the M13-tailed forward primer, 0.8 μM of each of the reverse primer and the M13 fluorescent dyelabeled primer, and 0.5 U of AmpliTaq DNA polymerase (Applied Biosystems). Reaction conditions for all primers were as follows: 95°C (2 min), 8 cycles of 95°C (30 s), 59°C (30 s), 72°C (45 s), followed by 32 cycles of 95°C (30 s), 51°C (30 s), 72°C (45 sec), and a final extension of 72°C (10 min). Fragments were separated on an ABI 3130XL Genetic Analyzer and scored using GENEMAPPER 4.0 (Applied Biosystems).
Haplotypic variation
MtDNA sequences were edited and aligned in Sequencher 4.5 (Gene Codes, Ann Arbor, MI, USA). Haplotypic (h) and nucleotide (π) diversity (Nei, 1987) estimates were calculated based on mtDNA sequences as executed in DNASP v5 (Librado and Rozas, 2009) . A haplotype network was generated using statistical parsimony as implemented in TCS (Clement et al., 2000) .
To examine observed haplotypic variation recovered in Cuban Crocodylus within the context of all New World crocodiles, we reconstructed a Bayesian haplotype tree. Previously published overlapping mtDNA sequences were downloaded from Genbank representing C. rhombifer-α (GU064608; Rodriguez et al., 2011) , C. acutus haplotypes published to date, including β (EU034586; Weaver et al., 2008) and Ca1-Ca8 (AY568314, GU064603, AY568312, AY568310, AY568311, GU086321, AY341530, GU064607; Rodriguez et al., 2011) , as well as exemplars from vouchered specimens (Oaks, 2011) of C. intermedius (JF315382), C. moreletii (JF315380), C. niloticus (JF315356) and C. porosus (JF315369). Sequences were unambiguously aligned using MUSCLE as implemented in GENEIOUS 4.6 (Biomatters, Ltd., San Francisco, CA, USA) employing default settings. The Bayesian haplotype tree was reconstructed using MRBAYES 3.1 (Ronquist and Huelsenbeck, 2003) assuming the HKY+I+G model of nucleotide substitution as selected according to the Akaike information criterion as implemented in MODELTEST (Posada and Crandall, 1998) . The saltwater crocodile (C. porosus; JF315369) was used as an outgroup to root the tree. The analysis ran four simultaneous chains for 2.0 × 10 6 total generations, each using a random tree as a starting point, the default heating scheme and saving a tree every 100 generations for a total 20 000 trees. The first 2000 trees were discarded as burn-in samples and the remaining 18 000 trees were used to construct a majority-rule consensus tree and derive posterior probability values.
Genotypic variation
The genotypic data set was examined for the presence of null alleles using MICROCHECKER (Van Oosterhout et al., 2004) . Deviation from HardyWeinberg equilibrium was assessed using exact tests, as implemented in GENEPOP 3.3 (Raymond and Rousset, 1995; Rousset, 2008) . Linkage disequilibrium was investigated for all pairs of loci using GENEPOP 3.3 (Raymond and Rousset, 1995; Rousset, 2008) . Type I error rates for tests of linkage disequilibrium and departure from Hardy-Weinberg equilibrium were corrected for multiple comparisons using the sequential Bonferroni's procedure (Rice, 1989) .
Allelic richness, number of private alleles, observed (H o ) and expected heterozygosity (H e ) were calculated at each locus for each site using GENALEX 6.5 (Peakall and Smouse, 2006) . Estimates of allelic richness and frequency of private alleles were also corrected for sample size using HP-RARE (Kalinowski, 2005) . Levels of genetic differentiation among groups were estimated by pairwise comparisons of the unbiased estimator, θ (Weir and Cockerham, 1984) , as calculated in FSTAT (Goudet, 2001 ). In addition, the model-based clustering method implemented in STRUCTURE 2.3.4 (Pritchard et al., 2000) was used to infer population structure and to identify potential hybrids within the sampled wild populations. Run length was set to 1 000 000 MCMC (Markov chain Monte Carlo) replicates after a burn-in period of 500 000 using correlated allele frequencies under a straight admixture model. We varied the number of clusters (K) from 1 to 8, with 20 replicates for each value of K. The most likely number of clusters was determined by plotting the log probability of the data (ln Pr(X|K) (Pritchard et al., 2000) across the range of K values tested and selecting the K where the value of ln Pr(X|K) plateaued as suggested in the STRUCTURE manual. We also employed the ΔK method (Evanno et al., 2005) as calculated in STRUCTURE HARVESTER (Earl and vonHoldt, 2011) . Results for the identified optimal values of K were summarized using CLUMPP (Jakobsson and Rosenberg, 2007) and used to estimate average cluster membership coefficients for each individual. The threshold membership coefficient for purebred identification was 0.05, similar to a previous study of hybridization between Cuban and American crocodiles (Weaver et al., 2008) . In this case, any value between 0.0 and ⩽ 0.05 or ⩾ 0.95 and 1.0 was identified as purebred C. rhombifer and C. acutus, respectively. All other individuals were deemed to be of mixed ancestry. Final bar plots were constructed using DISTRUCT (Rosenberg, 2004) .
In situ representation and relatedness of C. rhombifer in captivity
We used STRUCTURE 2.3.4 (Pritchard et al., 2000) to identify individuals of mixed ancestry within the Zapata Swamp captive population. Run length was set to 1 000 000 MCMC replicates after a burn-in period of 500 000 using correlated allele frequencies and prior population information, the latter corresponding to the distinct clusters identified in the analysis of the wild populations of C. rhombifer and C. acutus. As above, the threshold membership coefficient for purebred identification was ⩽ 0.05; all other individuals were deemed to be of mixed ancestry.
Pairwise relatedness was calculated among all non-hybrid individuals according to the method of Queller and Goodnight (1989) in iREL (Gonçalves da Silva and Russello, 2011). The observed distribution of pairwise relatedness were plotted with those of 1000 simulated dyads for each of the four relatedness categories (unrelated, half sibs, full sibs and parent-offspring) also using iREL (Gonçalves da Silva and Russello, 2011). The individual and overall inbreeding coefficients with 95% confidence intervals were calculated using the estimator of Ritland (1996) as implemented in COANCESTRY (Wang, 2011) . Individual kinship coefficients were calculated in SPAGeDi 1.3 (Hardy and Vekemans, 2002) and used to calculate individual and population MK.
RESULTS

Haplotypic variation
For the wild individuals (n = 90), we recovered 10 polymorphic sites across the 458-base-pair mtDNA fragment, constituting four haplotypes (Figure 2 ). Overall haplotypic and nucleotide diversities were 0.485 and 0.00905, respectively. The most common haplotype was identical to the α haplotype previously described (Weaver et al., 2008) and was shared among C. rhombifer (n = 26), C. acutus (n = 5) and hybrids (n = 26) in Zapata Swamp (Figures 2 and 3) . The other shared haplotype was identical to the β haplotype (Weaver et al., 2008) , differing by nine steps from the α haplotype, and was only detected in morphologically and genetically identified C. acutus (Figures 2 and 3) . Two new haplotypes were detected in the current study, one in a single C. rhombifer individual (haplotype D; Figures 2 and 3) and the other in a single C. acutus individual in Zapata Swamp (haplotype C; Figures 2 and 3).
As detected in previous studies (Weaver et al., 2008; Milián-García et al., 2011) , Cuban Crocodylus form a monophyletic group, relative to all other New World crocodiles analyzed, including exemplars from mainland C. acutus, rendering the latter species paraphyletic (Supplementary Figure S1) . Within the Cuban Crocodylus clade, there is a well-supported split between the α and β haplotypes (posterior probability = 1.00), with new haplotype D strongly clustering with α (posterior probability = 0.91), and new haplotype C showing an affinity with β, although the latter is not well supported (Supplementary Figure S1) .
Genotypic variation and degree of hybridization
In the microsatellite data, there was no evidence for null/false alleles in any population. There were two instances of evidence for linkage disequilibrium among pairs of loci following Bonferroni correction (Cj127/Cj131 in C. acutus from Birama Swamp; Cj127/Cj131 in Zapata Swamp captive population). There were two instances of deviation from Hardy-Weinberg equilibrium (Cj109 in C. acutus from Birama Swamp; Cj119 in Zapata Swamp captive population) once hybrids were removed (see below). As no consistent patterns of deviations from Hardy-Weinberg equilibrium or linkage equilibrium were detected across sites, downstream analyses were based on genotypic data at all nine microsatellite loci.
STRUCTURE analyses revealed two clusters in the data set (ΔK 2 = 1081.28; Figure 3 and Supplementary Figure S2 ; Supplementary Table S2) , generally corresponding to C. acutus and C. rhombifer, with a high degree of admixture in Zapata Swamp across morphologically identified C. rhombifer, C. acutus and hybrids ( Figure 3 ). All Birama Swamp wild individuals were morphologically and genetically identified as C. acutus (Figure 3) . STRUCTURE analyses further provided evidence for three clusters in the data (ΔK 3 = 207.98; Figure 3 and Supplementary Figure S2 ; Supplementary Tables S1 and S2), corresponding to two distinct populations of C. acutus in Zapata and Birama Swamps, respectively, and a highly admixed group that consisted of morphological C. rhombifer individuals and hybrids (Figure 3 ). In the latter case, 26 of the 53 individuals (49.1%) were C. rhombifer × C. acutus hybrids. All genetic hybrids possessed the C. rhombifer-α mtDNA haplotype (Figure 3; Supplementary Table S1 ). Given the biologically meaningful pattern that emerges under a K = 3 in light of morphology and geography, we proceeded with the identification of hybrids and subsequent analyses of the wild and captive populations under this framework as recommended by Pritchard et al. (2000) .
With hybrids removed, rarefied allelic richness within wild populations ranged from 2.7 in C. acutus from Birama Swamp to 5.1 in C. acutus from Zapata Swamp ( Table 1 ). The highest levels of observed heterozygosity were exhibited by C. acutus (0.62) and C. rhombifer (0.49) populations in Zapata Swamp (Table 1) , with comparatively lower levels found in C. acutus from Birama Swamp (0.44; Table 1 ). The C. acutus wild populations exhibited 14 and 12 private alleles for Zapata and Birama Swamps, respectively, while C. rhombifer from Figure 2 Haplotype network based on mtDNA control region data for wild Cuban Crocodylus. Shading indicates proportion of C. acutus (black), C. rhombifer (white) and putative hybrids (gray) possessing a given haplotype, as genetically identified by the STRUCTURE analysis (also see Figure 3 , lower panel). The numbers of individuals possessing a haplotype is indicated inside the circles except for singletons. Inferred but unsampled haplotypes are indicated by slashes. (Table 1 and see footnote). Significant population differentiation was recovered across all pairwise comparisons among wild populations (Table 2) .
Hybridization in Cuban Crocodylus
In situ representation and relatedness of C. rhombifer in captivity Twenty-two out of the 137 (16.1%) individuals sampled from the Zapata Swamp captive population were genetically classified as hybrids. Two captive individuals (C22012 and CB036) were genetically assigned to C. acutus, while the remainder (n = 113) were assigned to C. rhombifer. The captive C. rhombifer exhibited comparable levels of rarified allelic richness (3.6) and observed heterozygosity (0.53) relative to the wild population in Zapata Swamp (Table 1) . Fifteen of the 50 detected alleles in captive C. rhombifer were private, with over twice the frequency than that detected in the wild population following rarefaction (Table 1) .
Mean pairwise relatedness (r xyQG ) among the 113 C. rhombifer in captivity was 0.18. The observed distribution of r xyQG largely overlapped with the expected distribution for half-siblings (Figure 4 ). Average inbreeding coefficients were 0.086, with individual inbreeding coefficients ranging from − 0.200 to 3.22 (Table 3) . Population MK was − 0.00501, with individual MKs ranging from − 0.02909 to 0.00024 (Table 3) . Thirty-seven of the 113 individuals exhibited MK values lower than the average MK for the captive population (Table 3) .
DISCUSSION
Population history and taxonomic status
New World crocodiles have a complex history that is continuing to be unraveled by the growing body of research dedicated to this topic (Dever and Densmore, 2001; Hekkala, 2004; Ray et al., 2004; Cedeño-Vazquez et al., 2008; Rodriguez et al., 2008; Weaver et al., 2008; Machkour-M'Rabet et al., 2009; Meredith et al., 2011; Milián-García et al., 2011; Oaks, 2011; Rodriguez et al., 2011) . It has been previously recognized that the lineages endemic to Cuba are unique, corresponding to the morphologically divergent Cuban crocodile (C. rhombifer) and a cryptic lineage morphologically similar to the American crocodile (β) (Weaver et al., 2008; Milián-García et al., 2011) , most likely the result of mitochondrial capture (Rodriguez et al., 2011) . Our results provide additional insights, for the first time analyzing wild populations of Cuban C. acutus and C. rhombifer both in sympatry and allopatry within their native range. We found significant differentiation between non-hybrids of the endemic C. rhombifer and C. acutus both where their ranges overlap in Zapata Swamp and where they do not (Birama Swamp). Interestingly, C. acutus populations in Zapata and Birama Swamps also exhibited significant differentiation from each other (Table 2) , possessed a high degree of private alleles (Table 1) and were reconstructed as distinct clusters in the STRUCTURE analysis (Figure 3) . Moreover, whereas the Birama Swamp C. acutus was fixed for the β haplotype, morphological C. acutus in Zapata Swamp exhibited a mixture of both the α and β haplotypes, as well as a novel haplotype (C) (Figure 2 ). These patterns are consistent with the phylogeographic scenario of Milián-García et al. (2011), which proposed multiple colonization events of Cuba by Table 1 Haplotypic and genotypic variation within populations, including sample size (N), the number of haplotypes (N haplotypes ), haplotypic diversity (h), allelic richness (A), rarified allelic richness (A R ), observed heterozygosity (H o ) and expected heterozygosity (H e ), and the number of private alleles (P A ) with the multi-locus average private allele frequency following rarefaction in parentheses Abbreviation: ND, not detected. a Sample sizes used for calculating summary statistics included only purebred individuals after hybrids removed. b When captive C. rhombifer is removed, private alleles among wild populations include C. rhombifer-Zapata (n = 13), C. acutus-Zapata (n = 14) and C. acutus-Birama (n = 12). the ancestors of modern-day C. rhombifer~2 mya followed by a second event 40.35-0.22 mya by the ancestor of Cuban C. acutus. This reconstruction further suggests that ancient hybridization occurred and then ceased before 0.22 mya, accounting for the reconstructions of three distinct lineages, including C. rhombifer, Cuban C. acutus and mainland C. acutus (Milián-García et al., 2011) . Here, our results indicate that hybridization has not ceased in Zapata Swamp; rather the distinctiveness of Zapata Swamp C. acutus may be more indicative of long-term, unidirectional hybridization (see below) that accounts for the distribution of both the α and β mtDNA haplotypes, continued morphological distinctiveness and significant differentiation from allopatric conspecifics in Birama Swamp. These patterns present challenges for taxonomy, as is the case for other crocodilians where cryptic diversity has been detected (Eaton et al., 2009; Hekkala et al., 2011) or where hybridization occurs (for example, C. moreletii x C. acutus) (Hekkala, 2004; Ray et al., 2004; Cedeño-Vazquez et al., 2008; Rodriguez et al., 2008;  Table 3 Genetically important males (♂) and females (♀) within the Zapata Swamp captive population arranged in ascending order based on mean kinship (MK) with associated inbreeding coefficients (F) (Ritland, 1996) ; all high priority individuals with MK lesser than the population MK (−0.00501) are shown in bold et al., 2009) . Combined with the results of previous studies (Weaver et al., 2008; Milián-García et al., 2011) , we found evidence for a cryptic lineage of American crocodile currently found in Cuba and other localities in the Antilles. Moreover, the persistent hybridization between C. rhombifer and C. acutus in Zapata Swamp (see below) violate the criterion for species status under the biological species concept (Mayr, 1942) , as is the case in other parts of the American crocodile range where it overlaps with other species (for example, C. moreletii). Yet, the detectable genetic, morphological, ecological and ethological characteristics exhibited by C. rhombifer (Cuvier, 1807) still suggest that it is a unique lineage. Our ability to fully evaluate the taxonomic status of C. rhombifer and the cryptic Antillean lineage of C. acutus is limited by our sampling of the American crocodile, which was restricted to their Cuban distribution, as well as the limited number of loci (mtDNA and microsatellite) providing character data. Expanded population and character (morphological and molecular) samplings are required to more definitely disentangle the relationships between these distinct lineages and for placing them within the overall context of range-wide variation exhibited by the broadly distributed C. acutus.
Hybridization between Cuban and American crocodiles
Hybridization has long been recognized as having an important role in the diversification of both plants (Stebbins, 1950) and animals (Dowling and Secor, 1997) yet becomes a conservation concern when anthropogenic factors directly cause or exacerbate the frequency of the events. Complexities arise, however, with regard to detecting hybridization, quantifying introgression and inferring underlying causes (Allendorf et al., 2001) . Hybridization and introgression are especially concerning for conservation when it involves the potential for genetic swamping of a rare species by a more abundant one, the frequency of which may be largely underappreciated (Rhymer and Simberloff, 1996) . Crocodilians present additional challenges, where interspecific hybridization is common (FitzSimmons et al., 2002; Machkour-M'Rabet et al., 2009; Rodriguez et al., 2011) and, in the case of the Cuban and American crocodiles, where evidence exists for both ancient and contemporary hybridization (this study ; Weaver et al., 2008; Milián-García et al., 2011) . In this study, we detected a high degree of hybridization within wild (49.1% (26/53)) and captive (16.1% (22/137)) C. rhombifer populations in which most genetic hybrids (57.7% (15/26)) were misclassified on the basis of morphology. These results add to the growing list of studies documenting interspecific hybridization between members of the genus Crocodylus, many of which also found high misclassification rates when using morphology alone (Dever and Densmore, 2001; Hekkala, 2004; Cedeño-Vazquez et al., 2008; Rodriguez et al., 2008; Weaver et al., 2008; Machkour-M'Rabet et al., 2009; Rodriguez et al., 2011) .
In addition, our microsatellite data revealed a substantial underestimation of the frequency of interspecific hybridization between Cuban Crocodylus reported in previous studies (Weaver et al., 2008; Milián-García et al., 2011) , most likely due to the use of non-Cuban C. acutus specimens as a reference. We found that the C. acutus population in Zapata Swamp is genetically differentiated from conspecifics in Birama Swamp (F ST = 0.2606, Po0.01; Table 2 ) to a similar degree as to sympatric C. rhombifer (F ST = 0.3009, Po0.01; Table 2 ). Given these patterns and the potential extent of admixture within Zapata Swamp, clustering analyses conventionally used in assessing the presence and degree of hybridization (for example, STRUCTURE; Pritchard et al., 2000) may not infer multiple clusters with admixture but rather lump individuals into a single cluster relative to additional highly differentiated populations, such as when using as sole reference the allopatric population in Birama Swamp (Milián-García et al., 2011) or mainland populations (Weaver et al., 2008) .
Ex situ genetic representation of the wild C. rhombifer population From a genetic perspective, the management goals of any captive breeding program may be achieved by avoiding a decrease in the gene diversity of the founders. This diversity is defined relative to the source population from which the founders were drawn and represents just a subset of its gene diversity (Lacy, 1995) . In the present study, we found slightly higher levels of observed heterozygosity and average number of alleles per locus in captivity relative to the wild C. rhombifer population (Table 1) , including a large number of private alleles. These differences in the extent and distribution of in situ and ex situ genetic variation could be indicative of gene variants retained in the captive population that are now extirpated in the wild, as has been found in other critically endangered species (Henry et al., 2009) . Alternatively, this pattern may have been influenced by long-term introgression with C. acutus in captivity dating back to the early years of the breeding program. Since establishment of the Zapata Swamp captive population in 1959, the population size has increased to 4086 individuals from a few hundred wild-caught founders of unknown identity. Over this time period, it is certainly feasible that generations of backcrossing may yield morphologically and genetically (mtDNA and nDNA) diagnosed C. rhombifer, yet still have some increased genetic variation from past hybridization with C. acutus. Additional studies involving genome-wide scans would be better equipped to tease apart these non-mutually exclusive interpretations.
Inbreeding and relatedness among captive C. rhombifer Inbreeding has demonstrated negative effects on both reproduction and survival, leading to decreased reproductive fitness and increased extinction risk (Lacy, 1995; Frankham, 2005) . In the on-island, captive population of C. rhombifer, we estimated a mean inbreeding coefficient 40 (0.086), and detected a high level of mean relatedness (0.18), on the order of half-siblings. This outcome was expected, however, considering the following: (1) the Zapata Swamp captive population has been effectively a closed population; with few exceptions, the current individuals were born in captivity dating back up to 10 generations; (2) the population was initially founded with hundreds of individuals with uncertain ancestry, yet the source was still a small wild population, which increases the probability of founders being close relatives; (3) due to the polygynous mating system of this species, the breeding pens typically contain one male with three or four females, immediately lowering the effective population size.
These challenges to maintaining a viable and representative captive C. rhombifer population can be somewhat mitigated by the use of genetic evidence for determining mate pairings based on a strategy of minimizing MK. Empirical and theoretical studies have shown that breeding based on minimizing MK helps maximize gene diversity and allows the propagation of founder alleles with lowest frequency (Lacy, 1995; Frankham et al., 2002) . Prior to the current study, the captive breeding program of C. rhombifer in Zapata Swamp has proceeded in the absence of genetic data, relying solely on morphological, ethological, demographic and logistic information for implementing short-term management plans. The results presented here now provide an important genetic baseline for informing management decisions. Specifically, 37 out of the 113 non-hybrid individuals (32.4%) were highlighted as genetically important for management purposes, exhibiting values of MK lower than the overall MK in the captive population (Table 3 ). This collection of genetically important individuals included 11 males and 26 females, a reasonable sex ratio given the polygynous mating system of C. rhombifer, providing flexibility in implementing a scientifically informed breeding program.
Implications for in situ/ex situ conservation The results of our study provide genetic data that will be integrated with morphological, ethological and demographic information together with logistical considerations for designing long-term management plans for C. rhombifer, a charismatic and critically endangered member of the Cuban herpetofauna. This work constitutes a first step in establishing an appropriate source population for prospective reintroduction and recovery plans in the wild. Also, it contributes to maintaining the genetic integrity of the Cuban crocodile ex situ, allowing the detection of hybrids and identification of genetically important individuals for implementing a breeding strategy based on minimizing MK. Overall, this work contributes to the first formal attempt in Cuba to establish a scientifically managed in situ/ex situ conservation program guided by genetic information.
Just as important, we now have reference data for evaluating the genetic identity of C. rhombifer outside of Cuba. For example, some specimens assigned to the Cuban crocodile abroad have been used in the establishment of phylogenetic hypotheses for the still unresolved genus Crocodylus (Meredith et al., 2011) . The primary identification for these specimens was originally based on morphological characters that have proven to be insufficient in most hybridization scenarios involving Crocodylus spp. Moreover, the historical legacy of exporting C. rhombifer for intentional hybridization with other species (for example, C. siamensis) (FitzSimmons et al., 2002) for the purpose of improving stocks for the skin trade may further confound the genetic integrity of Cuban crocodiles abroad.
Similar to the results for C. rhombifer, the genetic data collected for C. acutus in Zapata and Birama Swamps now provide critical reference data for further characterizing cryptic diversity within mainland and Antillean American crocodiles, the resolution of which will likely directly inform conservation prioritization.
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